Introduction
Sand, gravel and crushed stone are together known as aggregates and are necessary raw materials for infrastructure development. Aggregates are the largest non-fuel mining industry in the United States accounting for two-thirds of the non-fuel production. The value of aggregates dwarfs other non-fuel commodities such as gold ($2.9 billion), copper ($2 billion), iron ($1.2 billion), and salt ($1 billion) to name a few (Langer et al. 2004) . The country's dependency on aggregates for technological progress will continue into the twenty first century with an estimated 100 billion tons of aggregates expected to be used during the next 25 years (Langer et al. 2004) .
Offshore gravel mining is an established industry in Japan, United Kingdom, Netherlands, Belgium and Denmark, with the last four countries having a production of about 230 million tonnes in 2000 (Harrison 2000) . The principal use of marine aggregates is in the concrete industry, beach nourishment projects and the coastal reclamation industry. The United States is dependent on its land-based sources for almost all of its gravel resources. The United States' use of offshore gravel is limited to state waters off New Jersey, New York, Florida, Mississippi and California (U.S. Congress 1987) . In Alaska, offshore gravel is used to construct islands for hydrocarbon drilling operations (Williams 1991) . Any serious exploration for gravel is still in its nascent stages, limited by technological, economical, and environmental constraints. However, with land deposits diminishing, there is a need to explore offshore deposits in order to meet the demands of gravel and aggregates in the future.
Numerous studies on the sediment character of the outer continental shelf of Alaska have indicated presence of gravel along with sand and mud (Creager and McManus 1966; Stauffer 1987; U.S Congress 1987) . The U.S Congress report of Marine Minerals (1987) provides qualitative information on the availability of gravel deposits in the U.S Exclusive Economic Zone. Included in the report are deposits that are in waters of 40 m or less. However, not much is known about the grain size distributions of the gravel deposits.
The Alaskan Continental Shelf covers 76% of the total shelf area of the United States. There are a lot of potential gravel deposits in the Alaskan offshore region. The gravel resources are currently not feasible for mining for the following reasons (U.S Congress 1987): (1) Much of the glacial gravel is poorly sorted, and (2) Gravel deposits are overlain by sandy and muddy layers.
With the sea level expected to rise 70 cm in the next 100 years (Intergovernmental Panel on Climate Change (IPCC), 2001; Day 2004), erosion of coastlines will be a major problem not only in Alaska but worldwide. Hence, beach nourishment projects designed to minimize erosion will require large volumes of sand and gravel. Offshore areas will become a logical source for the fill material because of their proximity and ready availability. It is likely that future supply of coarse aggregate in Alaska may involve exploitation of marine deposits. The Chukchi Sea is a potentially favorable region for this type of mining because of extensive deposits of paleo beach and other relict gravel found in the near shore region (Stauffer 1987) . However, a systematic analysis of potential gravel resources has not yet been conducted and it is the purpose of this research to estimate the size, extent and variability of gravel material that may be available in the continental shelf, offshore Kivalina.
The circum-Arctic coasts, including those in Alaska, have some of the highest rates of coastal erosion (1-20 m y À1 ) in the world, primarily because of combined impacts of thermo-erosion and storm surges on permafrost-dominated, unconsolidated deposits of shorelines. The high erosion and storm surges are deleterious to coastal communities. Kivalina, which is situated on a barrier island in the southeast Chukchi Sea, is exposed to these natural erosions. To address this chronic problem and to find a long-term solution, the Shishmaref and Kivalina village councils resolved to relocate the village from the barrier to an adjacent onshore site (Associated Press, Fairbanks Daily News-Miner 2001) .
However, the coastal plain identified for the village relocation has continuous permafrost, posing unstable ground for erecting houses and infrastructure, which
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calls for special foundation measures. The relocation plan envisages that the active permafrost ground (estimated $25 km 2 ) be excavated to a depth of 4 m and filled with gravel. A region targeted as a potential source for the large volume of gravel needed is the continental shelf adjacent to the villages.
Literature Review
Kivalina is at the tip of a 13 km barrier island located between the Chukchi Sea and Wulik River (Figure 1 ). It is located approximately 130 kilometers north of the Arctic Circle on the Chukchi Sea coast. This low-lying island is subject to flooding during occasional storm surges and erosion due to wave action (Scheffner and Miller 1998) .
Acoustic-reflection studies within the Hope Valley (part of shelf off Kivalina) indicated that the sediments overlying the basement rocks are up to 10 m thick (Moore 1964) . The Cape Thompson-Kivalina area contains gravel along the near shore (Stauffer 1987; Creager and McManus 1966) . The gravels are probably relict glacial deposits, with the source being the De Long Mountain ranges. Figure 2 shows the sediment distribution in the near shore of the region. It is evident that there are large gravel deposits in the region, but the quantity and extent of the gravel is not known.
The sediment maps above do not provide quantitative information on the volume of gravel or particle size distribution, which are probably the most important characteristics desired from an engineering standpoint. Hence, these maps are of limited use in gravel resource estimation, unless supplemented by further data. It is the purpose of this investigation to provide quantitative information on the gravel resource potential and the particle size distribution of the gravel deposit.
Methodology
The investigations presented here consist of two major tasks: one in the field and the other in the laboratory. The field operations consisted of seismic survey and collection of grab samples and sediment cores, while the laboratory operations consisted of grain size analysis of the collected sediments and geotechnical testing of gravel as well as geostatistical analysis for reserve estimation. The field studies off Kivalina were conducted in August 2004 aboard the University of Alaska Fairbanks (UAF) research ship R=V Alpha Helix. The geophysical survey was conducted with the assistance of Golder Associates, Seattle, and the vibra core sampling was completed with the assistance of Innerspace Exploration Team (IET), also from Seattle. The grain size analysis was conducted at the Mineral Industry Research Laboratory (MIRL) at the University of Alaska, Fairbanks. The geotechnical analysis was conducted at Shannon and Wilson, Inc, Fairbanks. The geostatistical analysis was conducted at the computer laboratory at the Department of Mining and Geological Engineering at UAF.
Seismic Survey at Kivalina
Briefly, the seismic survey method for recording the sub bottom stratigraphy and geological structures consisted of the following. The survey consisted of continuous subsurface reflection profiling using acoustic pulses, emitted at regular intervals by an energy source (350-800 Hz) and transducer. The high-resolution seismic reflection 
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data were collected with a Datasonic bubble pulser system. At the study site, the maximum subsurface penetration achieved with this system was about 91 m below the seafloor. The bubble pulse transducer was towed on the port side of the survey vessel, and the hydrophone streamer was towed from the starboard side of the vessel. Both instruments were approximately 23 m astern of the GPS antenna. The transmitted acoustic pulses were reflected from the seafloor and underlying stratigraphic horizons. The reflections were then successively received by hydrophone streamers towed on the water surface, which converted the acoustic pressure waves into electric signals. The acoustical signals were processed and displayed on a graphic recorder and stored digitally for post processing. The graphic display or continuous reflection record consisted of an acoustical profile of the seafloor, sub bottom stratigraphy and geologic features along the survey track line.
An integrated and automated navigation system was used for on-line navigation and positioning of the survey vessel. This system consisted of a Trimble 400SE differential GPS receiver and Raytheon INSTAR navigation software. The differential global positioning system (DGPS) was used to determine the vessel's location in real-time and to plot the position along the survey lines. The pre-plotted survey lines and the actual survey lines traversed by the vessels were displayed in real-time on a video monitor. The navigation computer transmitted event marks to the geophysical recording instruments every two minutes in order to correlate the geophysical data with the survey vessel position. The navigation data and event marks were digitally recorded and used to produce the survey track line map.
The reflection data were processed with a Geo acoustic model 2800 processor and displayed on an EPC model 1086-500 thermal graphic recorder. The graphic recorder was set for a display of 100 milliseconds, which is equivalent to a depth of approximately 91 m. The data were also archived on a Sony analog recorder and acquired with DPS technology Dr. Geo, a digital acquisition and processing program. The time window recording for the data was 400 milliseconds. The graphic recorder, interfaced with the navigation computer by means of the RS232 input, printed vessel position and time at a 2-minute interval.
Sediment Sampling at Kivalina
The sediment sampling was conducted in waters greater than 5 m depth. Based on the literature review, the area chosen is a typical representative of the continental shelf off Kivalina. The decision to conduct the investigation in waters greater than 5 m depth is based on a practical rationale. If any significant gravel reserves were to occur in waters shallower than 5 m, dredging operations would lead to serious environmental impacts. For example, dredging in the littoral waters would deepen the region locally and shift landward the front of the existing wave breaker zone, causing more intensified wave action and erosion on the shoreline. This will exacerbate an already bad situation, possibly eroding away the entire barrier island and thus altering the existing barrier-lagoon regime and associated ecosystem. In light of such a prospect, the governmental agencies (Army Corps of Engineers) will not be inclined to issue a permit to dredge the shallow region. The field study consisted first of a seismic survey of the study area, conducted to record remotely the nature of the subsurface lithology. Sediment core samples were then collected at nine representative stations within the region off Kivalina. These samples were collected using a vibra corer (Figure 3 ). The purpose of this later sampling was to obtain ground truth to interpret the subsurface seismic record. Since the exact location of the gravel was unknown, grab samples were first taken to determine the nature of the seabed and to determine the feasibility of coring the subsurface. If the initial grab samples indicated a surface filled with cobbles and boulders, coring would be impossible in that region. Coring was possible in areas containing pebbles and muddy gravel.
A total of 12 cores and 28 grab samples were collected (Figure 4) . Two of the cores were considered as composite samples, i.e., the core recovery was small and hence was sampled in bags. All the cores showed some gravel content. The maximum length of the cores was 1 m and the minimum was 25 cm. Seismic survey was also conducted in this area. Seismic reflection data were obtained from a total of five seismic transects, all of which were roughly parallel to the shoreline.
Laboratory Analysis
The laboratory analysis consisted of grain size analysis, geotechnical analysis, and geostatistical analysis. The granulometric analysis was conducted on one half of the core using the sieve-pipette method (Folk 1968) on 5-cm continuous core sections. The sieve analysis was conducted in accordance with ASTM standards for aggregate sieving. The gravel fraction was sieved into size fractions greater than 2 mm, 2.36 mm, 3.35 mm, 4.75 mm, 6.3 mm, 9.5 mm, 12.5 mm, 19 mm, and in some cases up to 37.5 mm. The sand fraction was sieved into size fractions greater than 1.7 mm, 1.18 mm, 0.85 mm, 0.6 mm, 0.425 mm, 0.3 mm, 0.212 mm, 0.15 mm, 0.106 mm, and 0.075 mm. The mud fraction was determined by the pipette analysis. The data from the sieve and the pipette analyses were integrated and entered into 260 A. D'Souza et al.
Excel format and the weight percents of gravel, sand, silt, and clay were computed and tabulated. The geostatistical analysis consisted of computation of basic statistics, exploratory variography and variogram modeling, and resource estimation. There were four Gravel Resource Potential, Chukchi Sea, Alaska 261 estimation methods used: the inverse distance weighting; kriging; turning bands simulation; and sequential simulation.
Results and Discussion
As a result of the acoustic noise generated by the sea conditions, the signal to noise ratio, the quality of the overall data on seismic reflection was often poor. Due to adverse sea conditions, it was not possible to run transects along the originally planned lines or to obtain data on an organized grid. This would have improved the overall mapping of the coarse grained sediment. The investigation at Cape Thompson-Kivalina revealed a significant amount of gravel, which was further analyzed. The database consisted of 28 grab samples and 9 core samples. Generally the lithostratigraphy of the cores consisted predominantly of sand for the top 10 cm of the core and then consisted of gravel to the bottom of the core. The 2.36-3.35 mm size fraction dominated most of the cores in the north of the study area. The gravel, greater than 19 mm size fraction was prominent at the base of the core due to cobble size particles at the base. The maximum length of the cores was 1 m. At the bottom of most of the cores the gravel percentage was higher than in the rest of the core. As the particle size increased at the core bottom further penetration was precluded. Modeling the vertical section of the substrate with just nine cores would not provide any statistically reliable analysis and hence the vertical variation in gravel was not further analyzed.
However the preliminary map does not provide any data on the actual percentages, and the particle size distribution of the gravel deposit. Hence the database was augmented by grab sample data obtained from previous investigations in the Chukchi Sea from 1953 -1965 (Creager and McManus 1966 Roberts 1976 ). The next step was to model the size, geometry, and the particle size distribution of the gravel deposit using the grab sample data from the combined data set.
Exploratory Data Analysis
The data from previous investigations contained information of the percentages of gravel, sand, mud as well as sedimentological parameters such as mean, sorting and skewness of the sediments. The cumulative percentages above 16 mm, 8 mm, and 4 mm were also entered into current database. The gravel values represent the percentage of gravel in the dry weight of the samples. This gravel value represents the grade in our estimation process.
As can be seen from Figure 5 , the histogram for gravel values more or less resembles a uniform distribution if we ignore the large percentage (around 40%) of low values (0-5%). Figure 6 shows the base map of the study area. The high gravel values are shown with large symbols. From the base map it is clear that the high values follow the coastline very well and as we move away from the coastline the gravel percentage decreases. After fitting the variogram model to the data ordinary kriging (OK), simple kriging (SK) and kriging with anisotropy was performed, and a cross validation experiment was conducted to determine the best kriging technique for reserve estimation and final gravel distribution maps. Table 1 shows the summary of the error statistics for the cross validation study for the three kriging methods.
Variogram Modeling and Cross Validation
From the table it can be observed that though the R 2 value is quite similar for the three techniques; the mean prediction error, the RMS error, the average standard error and the mean standardized are less for OK than for the other two techniques. It can also be noted that the average standard error, which represents the kriging standard deviation at the sample locations, is quite high even for OK.
Gravel Distribution Maps
The gravel distribution maps for the Kivalina region and vicinity were produced using inverse distance weighting (IDW) and ordinary kriging (OK), and they are shown in Figures 8 and 9 . The basic premise of IDW is that data points are weighted by the inverse of the distance to the estimation point. It is observed from the figure that OK produces a smoother map than IDW. Kriging was done using point variables rather than on a block as the concept of selective mining unit (SMU) is not common in gravel mining and moreover, SMU in a marine mining situation does not make any practical sense. Figures 10 through 12 show the gravel distribution maps with cumulative percentage values at various cut-offs superimposed on them. The contours showing cumulative percent values are higher near the coast and decrease as one moves further offshore. One possible explanation for this is that the glacial meltwater only carried finer sediments offshore while the coarser particles remained near the shore. Thus this type of deposition is evidence of a glacial origin for the gravel.
Grade-Tonnage Results
This was the most important aspect of the investigation. The three parameters computed were the cut-off grade, the mean grade and the volume of gravel in m 3 . The grade of gravel is defined as the percentage gravel at a location. The cut-off grade is defined as the cut-offs at various gravel percentages, in this case ranging from zero to one hundred. These parameters were computed for four methods: IDW, OK, turning bands (TB) and sequential gaussian (SG) . The values are summarized in Tables 2 and 3 , respectively. 
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The results are plotted in Figures 13 and 14 , respectively. From Figure 13 , it is observed that for the weighted average techniques, IDW overestimates at 0% cutoff but falls below the OK curve at about 60% cut-off. Of the simulation techniques, the SG overestimates the most at the beginning but rapidly falls off below three curves at 40% cut-off and again joins them at the end. In other words, the SG method overestimates at lower gravel cut-offs but this is insignificant, as gravel will only be mined at above 85% cut-off due to the large amount of fines at lower cut-offs. In fact, at about 90% cut-off (except for IDW) all the other methods have similar volumes. The mean grade for the two weighted average techniques are quite similar at about 40% cut-off, at which point the IDW curve falls below the OK curve and again joins it at about 70% ( Figure 14) . The SG method again overestimates the mean grade at the beginning but joins the other three curves at about 70% cut-off. All the four curves are almost parallel from 70% cut-off onwards, i.e., all four methods have similar mean grades from 60% cut-off onwards. 247,738,000 3,792,680,000 5,281,365,200 4,347,144,800 10 3,970,738,800 3,481,040,000 5,054,461,600 4,007,414,800 20 3,556,194,000 3,239,360,000 4,676,296,000 3,383,096,000 30 3,328,378,800 3,010,400,000 3,898,616,400 2,854,622 Gravel Resource Potential, Chukchi Sea, Alaska 269
Discussion
The first hypothesis tested was that the nearshore region off Kivalina would contain sufficient gravel for the relocation plan of the village of Kivalina. The statistical analysis seems to validate this hypothesis. The relocation plan would need at least 100 Â 10 6 m 3 of gravel and the investigation suggests at least 20 Â 10 6 m 3 of gravel above 90% cut-off and at most 60 Â 10 6 m 3 of gravel above 90% cut-off is present in the innershelf off Kivalina. However, if 80% cut-off is chosen, then the estimated volume of gravel present in the nearshore exceeds 100 Â 10 6 m 3 of gravel. Overestimation in gravel volumes by the simulation methods is probably due to the high percentage of low values in the original data.
The second hypothesis for the investigation was that the presence of gravel in the Kivalina inshore area can be attributed to the regional Pleistocene glaciation history (Figures 15 and 16) . The results of the study seem to validate this hypothesis. In the study area, glaciers during the Wisconsin and the Illinoian ice ages transported gravel from the nearby DeLong Mountain Range. The terminal moraine outwash associated with the glaciers was likely to have deposited in the present day nearshore. It is to be expected that the lag gravel deposits would occur close to or at the seafloor surface provided they are not blanketed by thick finer sediments. It is suggested, by implication, that paleo gravel lag deposits will not occur in nearshore areas that were not exposed to Pleistocene glaciation. This is consistent with earlier investigations in the Shishmaref area located due south of Kivalina. The Shishmaref nearshore region, which was not glaciated during the Pleistocene, has no gravel in the surficial sediments (Bandopadhyay et al. 2004) . Presumably, the presence of intense currents off Kivalina has prevented deposition of thick contemporary fine deposits over the lag gravels.
Conclusions
The major conclusions of this study are:
1. The seismic surveys were of limited use, as they could not resolve the upper 1-2 m seafloor lithology. This was probably due to the use of a low frequency signal and due to the low resolving power of the hydrophones. 2. Penetration of the vibracore was not deeper than 1 m, probably because of the hard substrate. 3. Geostatistical analysis of the data indicated that at least 20 Â 10 6 m 3 of gravel above 90% cut-off is present in the upper 0.5 m of the seafloor. 4. The paleogeographic history was a determining factor in gravel presence in the nearshore southeast Chukchi Sea region.
The main recommendations for future sampling should take into account the following factors:
1. Sampling should be focused in the identified gravel rich zones to narrow down the sampling zone thus saving time and money. 2. Stratigraphic variation in size grading should be determined by coring the substrate. Due to our experience with vibra coring, it is not preferred and instead rotary method of coring should be employed. 3. If coring is not possible, then bulk grab samples should be taken so that the samples are representative of the entire population. 4. Sampling should be done in equally spaced grids so that accurate variography can be performed. 5. Anisotropy in the gravel values should be taken into account in future sampling. 6. The impact of sampling and future mining on the physical and biological environment should also be assessed.
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